The error performance of a new family of super quasi-orthogonal space-time trellis codes (S-QSTTCs) for four transmit antennas on correlated MIMO channels is investigated. Two slightly different designs of S-QSTTCs, namely S-QSTTCs obtained by concatenating the extended Alamouti space-time code (EAC) with a simple outer trellis code and the concatenation of the ABBA code with a simple outer trellis code are compared in detail. It is shown that EAtype and ABBA-type S-QSTTCs perform quite different on spatially correlated MIMO channels. However, a unique labelling of the trellis diagram adapted to these two super quasi-orthogonal constituent code types, results in a very similar error performance even in spatially correlated channels.
INTRODUCTION
Space-time coding is a promising technique lo improve the reliability of multiple-input/multiple-output (MIMO) systems. Two different space-time coding methods, namely space-time trellis coding (STTC) and space-time block coding (STBC) have been proposed. STTC has been introduced in [ 13 as a coding technique that promises full diversity and high coding gain at the price of a quite high decoding complexity. An STBC that promises full diversity and full data rate for two transmit antennas was introduced by Alamouti [Z] . For more than two transmit antennas many different designs have been proposed providing either full diversity [3] , or full data rate [4] , [5J.
In [6] it has been shown that the concatenation of a STBC with an outer trellis code results in a powerfu1 code with reduced data rate, since the number of available transmit matrices in every state of the trellis is smaller than the maximum number of matrices the STBC could oKer. Parameterized STBCs which provide additional transmit matrices have been introduced in [7] and [SI to increase the data rate. These parameterized STBCs are called super orthogonal STBCs (S-OSTBCs) in case of 2 transmit antennas. In case of 4 transmit antennas a set of super quasi-orthogonal STBCs (S-QSTBCs) can be obtained by parametrization of a quasiorthogonal space-time block code (QSTBC). In connection with an outer-trellis code specific subsets of these S-QSTBCs are used as constituent codes which are assigned to the various trellis branches. Every constituent code can be chamcterized by specified values of the parameters used to generate the S-QSTBC. The combination of several constituent orthogonal spacetime block codes with an outer trellis code is called a super orthogonal space-time trellis code (S-OSTTC) and the combination of several constituent quasi-orthogonal space-time block codes with an outer trellis code is called a super quasiorthogonal space-time trellis code (S-QSTTC). Every edge of the trellis is assigned a complete constituent code, such that the resulting code provides high diversity and coding gain at full data rate.
In this paper, several S-QSTTCs over spatially correlated MIMO channels are investigated. We study two slightly different S-QSTTCs using either the ABBA code [4] or the extended Alamouti code [EAC) [51 as the basic QSTBC to build the constituent codes for the resulting S-QSTTC. In Section II we give an overview of an S-USTTC and present two design examples of S-QSTTCs. In Section ID we discuss the performance of S-QSTBCs. Section IV analyzes the performance of the S-QSTTC on correIaled channels. Section V concludes the paper.
SUPER QUASI-ORTHOGONAL SPACE-TIME TRELLIS CODES (S-QSTTC)
2.1. Super-orthogonal Space-Time Tkellis Codes for Two Tkansmit Antennas
In this subsection, we discuss the combination of a simple inner STBC with an outer trellis code [7] to obtain a powerful trellis code with full diversity and substantial coding gain at full data rate. We start with the well-known Alamouti STBC [Z] with the transmit matrix:
By multiplying of the first column of C with .de, a parameterized 0-STBC is obtained:
0 is restricted to values that do not expand the original signal constellation. This means, for an L-PSK signal constellation,
for QPSK and QAM 0, E (0, n/2, n , 3~/ 2 } .
Such symbol rotations do not change the diversity order and orthogonality of C, since cecBH = cBNcB = S'I, with s2 = Is1 1 ' I-Is# and I being the 2x2 identity matrix. A code C' with a specific value of 8 is used as a constituent code in super orthogonal space-time trellis codes for two transmit antennas 171. This coding strategy assures, that the resulting S-OSTTC achieves the same diversity as the original STBC at full data rate. The complexity of the Viterbi decoder at the receiver is rather low due to the orthogonality of the constituent STBCs.
Super-Quasi-Orthogonal Space-Time Trellis Code for

Four Transmit Antennas
Orthogonal space-time block codes providing full data rate do not exist for more than two transmit antennas. Lower rate OSTBCs for more than two transmit antennas have been prc- [5] . In [SI S-QSTTC have been introduced as an extension of S-OSTTC for two transmit antennas to four transmit antennas. These S-QSTBCs can be used to obtain a new family of trellis codes which provide the diversity of the original QSTBC at full data rate and provide additional coding gain [XI.
In the following we explain the design of a S-QSTTC in detail. In the first design step we select an appropriate QSTBC. In fact, we focus on the EAC [SI and on the ABBA code [4] Using quasi-orthogonal design, pairs of transmitted symbols can be decoded independently and the loss of diversity in QST3C is due to some coupling term between the estimated symbols. The QSTBCs in (3) and (4) As in the case of two transmit antennas, additional transmit matrices are needed to obtain a full rate STTC. By multiplying the first column of C by eiel and the second column by ejo2 a super set of quasi-orthogonal codes is obtained with if CEA is used, and if CMBA is used. Equations (5) and (6) provide super sets of quasi-orthogonal space-time block codes with two parameters 0 1 and 0 2 that provide enough transmit matrices to design a full-rate S-QSTTC. Czi'2 is called an EA super-set of quasi-orthogonal codes and C:Lz is called an ABBA super-set of quasi-orthogonal codes. As in the case of S-OSTTC, 0 1 and 0 2 are constrained such that the original signal constellation is preserved. Again QSTBCs with specified values of 0 1 and Q2 are used as constituent codes of the S-QSTTC.
The set of all constituent codes derived from a basic QST3C (EA or ABBA) with constrained parmeters 0 1 and 0 2 is denoted as super quasi-orrhogonal (SQO) code set. For example, the SQO code set for the EA STBC applying BPSK modulation is denoted as EA = (C&, C,, C?,",C%f). To design powerful S-QSTTCs an appropriate Set-Partitioning of the constituent codes has to be performed. This means, that the set of all matrices within a constituent STBC has to be iteratively partitioned into smaller sub-sets with increasing minimum distance between the matrices within a sub-set.
A detailed description of the principles of set-partitioning can be found in t71. The appropriate distance metric used in this partitioning is the determinant of the distance matrix A of two code matrices. In this paper the sub-sets of the first partitioning step are denoted as So, SI. Trellis-coding with the super quasi-orthogonal code set is performed in such a way, that each trellis-state is assigned a complete constituent code and every edge diverging from this state is assigned a complete sub-set So or SI obtained from this constituent code. This coding strategy assures, that the re-0 0 0.n sulting S-QSTTC achieves the same diversity as the original QSTBC and achieves full data rate. Decoding with the Viterbi algorithm is quite easy due to the quasi-orthogonality of the constituent STBCs. Fig. 1 indicates that in the upper state of the trellis the subset Si of the constituent QSTBC Cr is assigned to the upper edge diverging from this state whereas the subset S : from CI is assigned to the lower edge diverging from the upper state. With this trellis, we generate three different SQSTTCs by choosing different rotation parameters 0 1 and 0 2 using the EAC STBC (5) and another three different S-QSTTC by using the ABBA STBC (6). In Tab. 1 the constituent codes C' and C" for the three S-QSTTC code examples are listed. Such constituents codes can be derived either from the basic EA-STBC or from the ABBA STBC.
I c' I c" I Table 1 : Constituent Codes for the Trellis-example in Fig. I . 
Transmission Scheme
The complete transmission scheme with nt = 4 transmit antennas and n, = I receive antenna can be described by y = a D h + n , where y is the complex vector with hi describing the complex valued channel gain between transmit antenna i and the receive antenna. The channel is assumed to be constant during each frame length NI and changes from one frame to the another. n is the additive, white complex valued Gaussian noise (AWGN) with variance 0 : . Note that we assume the frame length Nl as a multiple of n,.
CODE PERFOrCMANCE
The data transmission at each time index t corresponding to a specific trellis branch can be described by
h + n. is an equivalent, virtual (4 x 4) channel matrix consikting of elements obtained from the (4 x l ) channel vector h, including some sign inversions and complex conjugate versions of the original channel coefficients hi. s is the (4 x 1) vector of transmitted information symbols SI to s4. The quasi-orthogonality of the QSTBCs becomes evident, when maximum ratio combining (MRC) of f r is applied at the receiver, described by The resulting (4 x 4) Grammian channel matrix in case of a constituent EA code C~" 0 2 results in (10) and indicates a partial decoupling of the information symbols after the MRC. h2 = 11~1 l2 + lh2I2 -t lh3I2 4-lh4I2 characterizes the resulting channel gain, whereas XI is a channel dependent symbol interference parameter, given by X I = 2Re{ejQLhlhi -ejQ21i2hS}/h2.
(1 1)
For a constituent ABBA code C?.Q2 the resulting (4 x 4) Grammian channel matrix results in:
l o x, 0 1 (12) with X2 given as:
It is well known that G?'02 should approximate a scaled identity-matrix as far as possible to achieve ideal data stream decoupling. Consequently, 1 x 1 should be as small. as possible. From Eqn. (10) it can be seen that the QSTBC can not completely decouple the signal streams like an OSTBC.
The interference parameter X deteriorates the performance of the code according to the actual channel parameters. The smaller 1x1 is the closer is the code to an orthogonal code with G = h2T and vanishing symbol interference. In [5], [9] it has been shown that the scaling-factor h2 as well as the respective interference parameter X determines the error probability of QSTBC. Normalizing the mean energy of the transmit symbols to 1, the bit error probability can be approximated as
Since X in (1 I) and in (13) With increasing channel correlation (p > 0) EA-codes (5) with 0 1 = 0 2 = 0 and 0 1 = 0 2 = n show a smaller value of E { l X l } than the ABBA-codes (6) . Therefore the EAtype QSTBCs perform better than the ABBA-type QSTBCs. For 0 1 = n,O2 = 0 and 0 1 = 0,02 = JE the ABBA-type QSTBCs have a smaller mean value E ( I X ( } than the EAtype codes. Therefore, with these parameter values of 01 and 0 2 the ABBA-type QSTBCs perform better than EAtype codes. Obviously, 0 1 and 0 2 change the value of the interference parameter and thus strongly effect the performance of lhe constituent QSTBCs and consequently the performance of the S-QSTTCs. Table 2 : E { 1x1) of the constituent codes used in Tab. 1.
SIMULATION RESULTS
The only constraints for the rotation parameters 0 1 and Q2 of the constituent QSTBCs proposed in [7] and [8] are such that they must not expand the original signal constellation.
But as we have shown above, the rotation parameters essentially influence the interference parameter of the constituent codes and therefore also influence the performance of the resulting S-QSTTCs at least on spatially correlated channels. In the following, we will shown that an appropriate selection of 01 and 0 2 for the constituent Q-STBCs is essential for a good error performance of the resulting S-QSTTC in case of spatially correlated channels.
S-QSTTC on Correlated MIMO Channels
We simulated the frame error ratio (FER) of the S-QSTTCs described in Fig. 1 and Tab. 1 as a function of Eb/iVo on correlated channels with correlation factors p = 0 and p = 0.95.
The simulations have been performed using a frame Iength of N1 = 128 and a maximum likelihood decoder. Four transmit antennas and one receive antenna have been used. The information rate was Zbidchannel use using 4QPSK transmit symbols. In Fig. 2 the simulation results for the S-QSTTCs built with the EA-type and the ABBA-type QSTBCs for Trellis-Code example 1 (Tab. 1) are shown. For the signal transmission from the upper node using the constituent EA-type QSTBC constituent ABBA-type QSTBC with ChBA = CO:' ABEA ( E (1x1) = 0.8) on correlated channels with p = 0.95 (Tab. 2 ) .
For the lower node, the constituent ABBA-type QSTBC with C;iBA = C h E A ( E { IX I} = 0.16) performs better than the constituent EA-type QSTBC with CgA = C$i (E{ lXEA I} = 0.8). Since every trellis state (and so every constituent QSTBC) is used with equal probability, the resulting EAtype S-QSTTC shows the same overall error performance as the ABBA-type S-QSTTC on correlated channels. Code 2 are shown in Fig. 3 . Finally, the results for Trellis-Code example 3 (Fig. 4) As demonstrated in [XI the performance of an S-QSTTC can be improved using full-diversity QSTBCs with multi dimensional signal rotation. However, in this case the transmitter is more complex, because higher order symbol constellations have to be decoded.
CONCLUSION
In this paper we have analyzed and discussed six super quasiorthogonal space-time trellis codes for four transmit anten-
